Background: Alternative splicing is an important mechanism for generating functional and evolutionary diversity of proteins in eukaryotes. Here, we studied the frequency and functionality of recently gained, rodent-specific alternative exons.
Background
Alternative splicing is one of the main mechanisms for generating functional and evolutionary diversity of proteins in mammals [1, 2] . One of the reasons for that is that new, alternatively spliced exons may introduce a new functionality without sacrificing the old one [2, 3] . Initial comparative-genomic analyses of alternative splicing conservation have shown that the fraction of genome-specific alternative splicing may be as large as one fourth to one third of all observed alternatives [2, 4, 5] whereas recent estimates demonstrate that as much as 93% of human intron containing genes undergo alternative splicing [6, 7] .
In a study of conservation of human alternatively spliced genes in the mouse genome, we have demonstrated that conservation of cassette exons depends on their expression level (approximated by EST coverage) and their frame-preservation ability [8] . At that, the majority of human-specific cassette exons were singletons and thus could stem from experimental artifacts or errors of the splicing machinery. On the other hand, they still could represent bona fide rare variants that do not have sufficient EST coverage. Indeed, our analysis of EntrezGene and UniGene data demonstrated, that of approximately 29 thousands human genes in EntrezGene ~20% genes have no ESTs at all and further ~20% genes have less than 20 ESTs in UniGene (data not shown).
The human-mouse-dog comparison did not allow us to distinguish between true genome-specific, recently gained instances of alternative splicing and errors and artifacts. Similarly, while the human-mouse-rat comparisons that has demonstrated that ~60% of cassette exons conserved in mouse and rat are not conserved in human and ~20% of cassette exons conserved in human and one rodent are not conserved in the other [9] are sufficient for the estimation of the loss rate of cassete exons; they do not allow one to estimate the rate of the cassette exon gain.
A mouse-rat-human comparison with pig as an outgroup was used to estimate the rate of exon birth in rodents [10] (new exons were defined as exons conserved in mouse and rat, and missing in the human genome and pig ESTs). The majority of rodent-specific exons were alternative. While this is a definite step forward compared to the triple comparisons, there still are two problems with this approach. Firstly, EST coverage of the pig genome may be not sufficient to guarantee that an exon missing in the EST data indeed is not present in the genome. This is especially true for young exons, rarely included in the mature mRNA. Secondly, the mouse-rat conservation alone may not be sufficient to claim the functionality. Indeed, mouse exons that could not be aligned to the rat genome were not considered at all, and thus some conservation is expected simply by definition: in a conserved region in DNA, chance activation of cryptic sites would create a seemingly conserved exon. Both these possibilities would yield over-estimation of the number of functional rodentspecific exons.
One way to address this issue is to use additional genomes in order to consider not genome-specific, but lineage-specific alternatives. This was done in [11] where eight completely sequenced vertebrate genomes were considered and in [12] , where human genes were compared to the ENCODE genome fragments from seventeen vertebrates. Both studies demonstrated that the fraction of cassette exons, especially minor isoform ones, is larger in the cohort of young (lineage-specific) exons. However, these studies did not control for functionality of these exons.
Here we analyzed mouse genes in the same mousehuman-dog triples as in our previous study [8] , but additionally considered conservation of mouse exons in the rat genome. At that, we also created a control sample of mouse pseudoexons, that is, intron regions bounded by potential splice sites, and subjected it to the standard procedure for estimating conservation. This allowed us to estimate the frequency of bona fide rodent-specific exons.
One additional, interesting question is the possible correlation between the rate of evolution of alternative splicing and the rate of protein sequence evolution. Such analysis should be performed carefully, to avoid the ascertainment bias. Indeed, while the observed frequency of alternative splicing increases with the EST coverage of genes [13] , highly expressed genes tend to evolve slowly [14, 15] . The observation that slowly evolving genes tend to be more frequently alternatively spliced compared to moderately and rapidly evolving genes has been made in [16] .
While it is natural to expect that rapidly evolving genes also have rapidly evolving alternative splicing, a significant fraction of observed alternative variants may represent splicing errors. Hence it is necessary to take into account the frequency of an alternative variant and its frame preservation properties. When only genes with frame-preserving frequently inserted alternative exons were considered, it turned out that indeed constitutive regions of genes with human-specific exons evolved faster than similar regions of genes with conserved exons [16] . However, genome-specific cassette exons considered in this study still could be non-functional. Here, we address this problem by the analysis of exon conservation in two rodent genomes. Further, this study did not estimate the rate of alternative exon gain and loss.
Finally, we address the question of emerging alternative splicing in paralogs. Previous studies have demonstrated that duplicated genes are less frequently alternatively spliced than singletons [17, 18] . To survive, duplicated genes need to gain new functionality that, in particular, can be introduced by new exons. We analyzed the rate of exon emergence in paralogs and their non-duplicated orthologs.
Results and Discussion
Orthologous human, mouse, dog and rat genes were taken from Homologene [19] . Clusters where each gene contains at least one intron in the protein-coding region in all four genomes were selected. All quartets of orthologous genes were assigned to three groups according to the similarity level of coding proteins. To avoid the influence of non-alignable genomes-specific exons, for this analysis we considered only orthologous exons. Several papers have showed that alternatively spliced regions evolve more rapidly compared to the constitutively spliced ones [ [20, 21] , reviewed in [3] ], but it substantially affects only minor isoform cassette exons [22] . The numer and total length of such exons is low compared to constitutive, and they should not strongly influence average similarity level.
Conservation of mouse frame-preserving (left) and frame-disrupting (right) cassette exons with different inclusion level in human, dog and rat genomes for different groups of genes: (A, B, C) rapidly, moderately, and slowly evolving genes, respec-tively Figure 1 Conservation of mouse frame-preserving (left) and frame-disrupting (right) cassette exons with different inclusion level in human, dog and rat genomes for different groups of genes: (A, B, C) rapidly, moderately, and slowly evolving genes, respectively. Top plots: blue diamonds, red squares and green triangles -the fraction of mouse cassette exons conserved in the human, dog and rat genomes, respectively. Crescent pie charts below: the segment sizes are proportional to the number of exons conserved in the human, dog and rat genomes (grey), exons conserved in the rat genome and in the human or dog genome but not both (blue and red, respectively), exons conserved only in the rat genome (dark green for estimated functional conservation, brown for residual conservation, see the text for details), mouse-specific exons (green). We defined 2693 rapidly evolving genes that had the similarity between 0.4 and 0.8, while the remaining 7386 genes were split in almost equal parts of 3939 genes with similarity between 0.8 and 0.92 and 3447 genes with similarity exceeding 0.92.
To define duplicated genes, we initially determined the best human hit for each mouse gene, and formed families of mouse genes that shared the human ortholog. Then we identified the rat ortholog for each mouse gene. We retained only those members of the families, that had rat orthologs, indicating that they had duplicated prior to the mouse-rat divergence (see the "Methods" for details). This resulted in 110 rodent-level duplication families consisting of 269 genes.
Alternative splicing of mouse genes was analyzed by aligning all available sequences and analysis of the splicing graphs as in [8] . All cassette exons were divided in two groups, frame preserving and frame-disrupting ones. The latter group consisted of frame-shifting exons or exons containing in-frame stop-codons. For each cassette exon, we calculated its inclusion ratio defined as the fraction of the number of sequences fragments containing this exon to the total number of fragments covering the corresponding gene region. Rare exons that potentially could arise from splicing errors were defined using the procedure from [23] , see Methods.
The mouse and rat lineages diverged about 16 million years ago [24] . Thus, as mentioned in the Introduction, one has to control for residual conservation in regions containing spurious, non-functional exons. We assumed that conservation of mouse cassette exon in the human or dog genomes is sufficient to interpret them as real exons. The remaining (candidate) exons could be conserved in the rat genome either spuriously or because of functional importance. We created a set of randomly selected mouse pseudoexons (random regions of introns with the same length distribution, bounded by canonical AG-GT dinu-cleotides) and tested their conservation in the rat genome using exactly the same procedure as the one applied to real exons. The average conservation of pseudoexons depended on their length and usually belonged to the interval (0.05; 0.15). Thus testing the conservation of 100 mouse candidate exons in the rat genome we should expect that 5 to 15 of these exons could be conserved spuriously.
To take this into account, for each mouse cassette exon not conserved in the human or dog genomes, we considered all pseudoexons with same length and calculated their residual conservation probability. The sum of these probabilities over all candidate exons provided an estimate for the number of spuriously conserved rodent-specific cassette exons. Thus the estimated number of exons conserved because they are functional is the total number of observed conserved exons minus this value.
The levels of conservation of mouse frame-preserving and frame-disrupting cassette exons in the human, dog and rat genomes orthologs with different rate of sequence evolution are analyzed in Figure 1 . The conservation of mouse cassette exons noticeably depends on their inclusion level and frame preservation, with predominantly included and frame-preserving exons being more conserved than predominantly skipped and frame-disrupting exons, respectively.
While we cannot tell whether a particular rodent-specific exons is functional, we used the procedure described above to estimate the number of real rodent-specific exons, and it is non-negligible in all groups. The fraction of evolutionary young, rodent-specific cassette exons falls as the exon inclusion level increases, in agreement with the theory that new exons emerge as rarely included cassette exons [2, 3, 25] . This fraction is higher in rapidly evolving genes and lower in slowly evolving ones, thus demonstrating the correlation between the two modes of gene evolution. We observed 107 cassette exons in duplicated genes. To compare the birth rates of rodent-specific cassette exons, we summarized the data for the duplicated genes, and compared it with the information about orthologous genes ( Table 1 ).
The frequency of mouse-specific exons is the same in all groups of genes, and this may be explained by the fact that most of these exons are not real and are due to experimental artifacts or splicing errors. We confirmed lower frequency of alternative splicing in duplicated genes compared to non-duplicated ones. We also observed that the frequency of genes with cassette exons decreases from slow to rapidly evolving genes. On the other hand, the frequency of rodent-specific exons was higher in duplicated genes compared to non-duplicated ones, and it increased from slow to rapidly evolving genes. This is consistent with the observations about the rate of exon birth in different groups of genes. Genes with faster molecular evolutionary rate are more likely to gain a new, alternatively spliced exon.
Conclusion
A popular theory [2] [3] [4] [25] [26] [27] posits that alternative splicing is one of the main mechanisms of increasing protein diversity in eukaryotes. At that, exonisation of intronic regions creates alternative exons that may subsequently become constitutive by fine-tuning of splicing regulatory sites. At the same time, the new protein fragment evolves under positive selection [22] .
Our observations are consistent with the predictions of this theory. Indeed, we have demonstrated that recently gained, rodent-specific exons are more prevalent in relatively fast-evolving genes and in faster evolving paralogs in rodent-specific duplicated genes. We have demonstrated further, that recently gained exons are incorporated into a minority of mature mRNA isoforms.
Methods
The initial sample of 12622 human, mouse, dog and rat orthologous genes was taken from Homologene [28] and EntrezGene [29] . We used NCBI Build 36.1 version of the human genome, NCBI Build 37 version of the mouse genome, RGSC v3.4 version of the rat genome and the May 2005 dog (Canis familiaris) whole-genome shotgun (WGS) assembly v2.0. 11963 clusters where each gene contains at least one intron in the protein-coding region in all four genomes were selected. Exon-intron structure for each gene was reconstituted by aligning corresponding proteins from Homologene to genome sequences. To evaluate the molecular evolution rates we compared protein sequence of orthologous exons and measured the similarity using the Blosum62 matrix. We used only human, mouse and dog exons, molecular evolution rate of rat genes was assumed to be the same as for the mouse genes. Orthologous exons with similarity less than 0.25 were filtered out. Further, 911 gene clusters were filtered out because their orthologous exons covered less than 75% of initial protein-coding sequences in human and mouse.
To define duplicated genes, we used Blat [30] to align protein sequences of 21791 intron-containing mouse genes with protein sequences of 19718 human genes from Ent-rezGene [29] . For each mouse gene the best human hit was selected. Mouse genes aligned to the same human gene were considered to be candidate inparalogs and formed duplication families. We verified that these genes were more similar to each other than to the orthologous human gene. This resulted in 250 families consisting of 637 genes. Further we defined rodent-specific inparalogs, i.e. genes that duplicated before the divergence of mouse and rat lineages but after the divergence of rodents and primates. For each member of mouse families we searched Homologene [28] for the orthologous rat gene, the absence of such ortholog for the particular genes indicating that the duplication had occurred in the mouse linage after the divergence of rat and mouse ancestors, or the gene had not been sequenced in the rat genome. These genes were filtered out. This resulted in 110 rodent-level duplication families consisting of 269 genes.
All protein, mRNA, DNA and EST sequences were derived from GeneBank [19] (UniGene, EntrezGene, GenePept). EST and mRNA sequences were aligned with genomic DNA using ProEST [31] , and protein sequences were aligned with genomic DNA using ProFrame [32] . For each gene we constructed the splicing graph and defined cassette exons. Rare exons and exon-skipping events that could arise from splicing errors were defined using the procedure from [23] . Briefly, a variant was considered "rare" (and hence suspicious), if the hypothesis that its frequency is less than 1% could not be rejected at 95% significance level given the observed counts of variants of the considered cassette exon, see [8] for details.
Conservation of cassette exons was assessed by the analysis of DNA to DNA alignments of orthologous genes. At the first step, an alignment was split into intervals between well conserved exons defined by Blat [29] , and then we attempted to identify the remaining exons by genomic spliced alignment using ProGene [33] , see [8] for details.
We created a set of randomly selected mouse pseudoexons in constitutively spliced introns, 10799 exons with and
